Abstract-The harbor seal (Phoca vitulina) is a large-bodied and abundant predator in the Salish Sea ecosystem, and its population has recovered since the 1970s after passage of the Marine Mammal Protection Act and the cessation of bounties. Little is known about how this large predator population may affect the recovery of fish stocks in the Salish Sea, where candidate marine protected areas are being proposed. We used a bioenergetics model to calculate baseline consumption rates in the San Juan Islands, Washington. Salmonids (Oncorhynchus spp.) and herring (Clupeidae) were the 2 most energetically important prey groups for biomass consumed by harbor seals. Estimated consumption of salmonids was 783 (±380 standard deviation [SD]) metric tons (t) in the breeding season and 675 (±388 SD t in the nonbreeding season. Estimated consumption of herring was 646 (±303 SD) t in the breeding season and 2151 (±706 SD) t in the nonbreeding season. Rockfish, a depressed fish stock currently in need of population recovery, composed one of the minor prey groups consumed by harbor seals (84 [±26 SD] t in the nonbreeding season). The variables of seal body mass and proportion of prey in seal diet explained >80% of the total variation in model outputs. Prey groups, such as rockfish, that are targeted for recovery may still be affected by even low levels of predation. This study highlights the importance of salmonids and herring for the seal population and provides a framework for refining consumption estimates and their confidence intervals with future data.
Fish consumption by harbor seals (Phoca vitulina) in the San Juan Islands, Washington
Abstract-The harbor seal (Phoca vitulina) is a large-bodied and abundant predator in the Salish Sea ecosystem, and its population has recovered since the 1970s after passage of the Marine Mammal Protection Act and the cessation of bounties. Little is known about how this large predator population may affect the recovery of fish stocks in the Salish Sea, where candidate marine protected areas are being proposed. We used a bioenergetics model to calculate baseline consumption rates in the San Juan Islands, Washington. Salmonids (Oncorhynchus spp.) and herring (Clupeidae) were the 2 most energetically important prey groups for biomass consumed by harbor seals. Estimated consumption of salmonids was 783 (±380 standard deviation [SD] ) metric tons (t) in the breeding season and 675 (±388 SD t in the nonbreeding season. Estimated consumption of herring was 646 (±303 SD) t in the breeding season and 2151 (±706 SD) t in the nonbreeding season. Rockfish, a depressed fish stock currently in need of population recovery, composed one of the minor prey groups consumed by harbor seals (84 [±26 SD] t in the nonbreeding season). The variables of seal body mass and proportion of prey in seal diet explained >80% of the total variation in model outputs. Prey groups, such as rockfish, that are targeted for recovery may still be affected by even low levels of predation. This study highlights the importance of salmonids and herring for the seal population and provides a framework for refining consumption estimates and their confidence intervals with future data.
Overfi shing and habitat change have affected fish populations heavily in the inland waters of the Pacifi c Northwest. Many formerly abundant fi sh species are now species of conservation concern, including groundfi sh stocks, such as rockfi sh species (Sebastes spp.) and Pacific Hake (Merluccius productus), forage fi sh stocks such as Pacifi c Herring (Clupea pallasii), and several salmonid species (Oncorhynchus spp.) (Musick et al., 2000; Mills and Rawson, 2004) . Most recently, 3 rockfi sh species (S. ruberrimus, S. pinniger, S. paucispinis) were listed under the Endangered Species Act as threatened or endangered in Puget Sound, Washington State (Federal Register, 2010) .
The decline of all these populations, which perform a critical function in regional food webs (Simenstad et al., 1979; Schindler et al., 2003) and have commercial and recreational value, has created a need for recovery strategies at the ecosystem level. Fish recovery efforts currently rely on traditional fi sheries management approaches, such as reduction of fi shing pressure and creation of no-take refuges or marine reserves, and on habitat restoration (Allison et al., 1998; Roni et al., 2002) . Marine reserves in particular are more likely to be successful for species, such as rockfi sh, that have small home ranges and high site fi delity (Love et al., 2002) , and reserves are important management tools for recovery of rockfi sh in the Pacifi c (Murray et al., 1999) . More reserves have been proposed recently for the San Juan Islands, 1 an island group that is part of the Salish Sea marine ecosystem that spans U.S. and Canadian waters (Fig. 1) . For pelagic species, such as salmonids and forage fi shes, recovery efforts call for habitat protection and mitigation of water-pollution issues, among other factors, as management tools (Fluharty, 2000; Schindler et al., 2003) .
The restoration of predators in marine ecosystems can reestablish trophic relations and restructure habi-tat with usually positive results (Shears and Babcock, 2002; Shears et al., 2006) ; however, predators also can cause declines in the size distributions and abundance of prey species inside marine reserves (Sala and Zabala, 1996; Fanshawe et al., 2003) . Large-bodied and abundant predators can contribute signifi cantly to fi sh mortality, especially when prey species are already low in abundance, and may theoretically infl uence prey population recovery (Mohn and Bowen, 1996; Bundy, 2001; DeMaster et al., 2001; Fu et al., 2001; Trzcinski et al., 2006) . Therefore, there is a need to understand the prey requirements of predators that consume fi sh species of conservation concern to evaluate if such requirements confl ict with regional management goals.
In the Salish Sea, the harbor seal (Phoca vitulina) is an abundant, generalist marine predator whose population has steadily increased since gaining protected status in the 1970s. The harbor seal population in Washington State experienced logistic growth from the 1970s to the 1990s, increased 7-to 10-fold in size in different regions, and now appears to be at carrying capacity (Jeffries et al., 2003) . Estimates of the regional population in the San Juan Islands and eastern bays in the early 1970s were approximately 1000 animals; currently, there are approximately 8000. 2 The age structure of the harbor seal population in British Columbia was documented in Bigg (1969) , on the basis of seals collected and aged in the 1960s. After exponential population increases, this population was heavily weighted toward juvenile age classes by the 1980s (Olesiuk, 1993) . Given the population increase in all regions of the Salish Sea, the current age structure of the harbor seal population in the San Juan Islands is unknown.
As with other harbor seal populations in the eastern Pacifi c, harbor seals in the San Juan Islands take advantage of the large infl ux of adult salmonids in late summer and fall and increase the diversity of their diet at other times of the year when salmonids are less available (Hauser et al., 2008; Lance et al., 2012) . Salmonids, Pacifi c Herring, Pacifi c Sand Lance (Ammodytes hexapterus), Northern Anchovy (Engraulis mordax), Walleye Pollock (Theragra chalcogramma), and estuarine species, such as Shiner Perch (Cymatogaster aggregata), also form signifi cant proportions of their diet in the San Juan Islands and nearby estuarine ecosystems (Lance et al., 2012 ).
To calculate population-level consumption of fi sh species of conservation concern and other common harbor seal prey in the San Juan Islands, a bioenergetics model was used to determine energetic requirements. The model incorporated seasonal changes in seal diet and life history parameters during breeding and nonbreeding seasons. We also used simulated data and sensitivity analyses to address uncertainty in the overall model and in 2 specifi c components that may have a strong infl uence on predicted consumption of prey: 1) uncertainty in age structure of the harbor seal population and 2) seasonal changes in energy intake (e.g., fasting during breeding season).
Methods

Area and timeframe of study
The region of the San Juan Islands and eastern bays is an area where many fi sh species of conservation concern occur and also an area where the majority of the harbor seal population resides in the inland waters
Figure 1
Map of the study area, the San Juan Islands and eastern bays, where seal scat collections were made for a bioenergetics model to examine the quantity of fish consumption by the harbor seal (Phoca vitulina) population during 2007-08. Black circles indicate harbor seal scat collection sites.
of Washington State. The San Juan Islands (48°35´N, 122°55´W) are characterized by tidally infl uenced rocky reefs and isolated rocks surrounded by deep water where harbor seals often congregate at haul-outs (locations where seals come ashore). The adjacent eastern bays, in contrast, consist of large, soft-bottomed, shallow bays (48°33´N, 122°30´W) (Fig. 1) .
The consumption model was constructed for a single annual cycle for the harbor seal population during 2007-08. The model included 2 seasons: breeding (15 June-15 September) and nonbreeding (16 September-14 June) determined on the basis of seal pupping phenology in the San Juan Islands (Huber et al., 2001; Patterson and Acevedo-Gutiérrez, 2008) . The 2 seasons were delineated to refl ect known behavioral shifts (more time spent ashore to nurse pups, shallow-water breeding displays by males) related to pupping and breeding activities and subsequent changes in energetic expenditures (Coltman et al., 1998; Bowen et al., 1999) .
The model was programmed in R software, vers. 2.7.1 (R Development Core Team, 2008) and used regional activity, abundance, and diet data, as well as physiological data from the literature. Model parameters were grouped into 3 categories: bioenergetics, population, and diet (Lavigne et al., 1982; Winship et al., 2002) (Table 1) .
Model structure
Bioenergetics Energetic requirements were calculated with a bioenergetics approach that described the energy budget of an individual seal, which is a function of body size, activity budgets, growth, and reproductive costs. Sex-and age-specifi c gross energy requirements were calculated with Equation 5 in Boyd (2002) :
where EG i = energy requirements in a particular stage i of the annual cycle; γ f = the power (watts) generated under activity f within stage i of the annual cycle; q f,i = proportion of time spent in activity f; g i = the cost of growth in stage i of the annual cycle; and d i = the digestive effi ciencies of food being eaten.
The model had 6 sex-and-age classes: 1) adult females (>6 years), 2) adult males (>8 years), 3) subadult females (1-6 years), 4) subadult males (1-8 years), 5) female pups (<1 year), and 6) male pups (<1 year). The subadult to adult division was made at the age(s) harbor seals reach their predicted maximum weight (approximately 66 kg and 89 kg for females and males, respectively) on the basis of the growth curve in Olesiuk (1993) . Daily growth increments for each sex-andage class were calculated from the same growth curve. Activity budgets were estimated from free-living harbor seals tagged with data recorders that recorded 3 behavioral periods: haul-out, diving, and shallow-water activity (Table 1) .
Population abundance and age structure Aerial population surveys of harbor seals have been conducted annually by the Washington Department of Fish & Wildlife with fi xed-wing aircraft to estimate the number of animals hauled-out during the lowest tide of the day since 1978 (Jeffries et al., 2003) . Results from these surveys were used to estimate the abundance of harbor seals in the study area in 2007-08. The breeding season (July) correction factor of 1.53 (to account for seals not hauled-out at the time of the survey) was used to estimate the size of the breeding season population (Huber et al., 2001 ). Age-dependent mortality rates in Olesiuk (1993) were used to estimate the age structure (number of seals in each sex-and-age class) of the harbor seal population:
where N S(x) = number of seals in sex class S and age class x; -r = the age-dependent mortality rate; and t = time interval between age classes.
The breeding season population vector was adjusted by iteration to sum to the total population estimate from aerial surveys. Seal abundance in the nonbreeding season was calculated by estimating the numbers still alive in each sex-and-age class, by using the same age-dependent mortality rates calculated per day (instead of annually) and by multiplying the number of days in the breeding cycle.
Population energetic requirements were calculated by multiplying individual requirements by the population abundance vectors to estimate energetic requirements for each sex-and-age class. Reproductive costs were then calculated for the entire population on the basis of values from the literature for gestation and lactation costs and fertility rates (Bigg, 1969; Olesiuk, 1993) .
Digestive effi ciency Data from the literature were used to translate net energy requirements of the harbor seal population into gross energy requirements and prey consumption by fi rst taking into account assimilation effi ciency and the heat increment of feeding (the increase in metabolism or heat produced during digestion) for harbor seals. We used the minimum and maximum values reported in the literature to account for differences in digestive effi ciencies related to protein and fat content of prey (Markussen et al., 1994; Trumble et al., 2003) .
Biomass reconstruction of proportion of prey in diet Table 1 Data sets used in the consumption model in a study of the harbor seal (Phoca vitulina) population in the San Juan Islands and eastern bays during breeding and nonbreeding seasons, 2007-08. Model parameter symbols refer to Equations 1-3 in text. All energy units were converted to watts. H=haul-out; d=dive; s=surface.
NA= not applicable. Parameter (1: Bigg, 1969; 2: Kleiber, 1975; 3: Lavigne et al., 1986; 4: Innes et al., 1987; 5: Markussen et al., 1990; 6: Bowen et al., 1992; 7: Olesiuk, 1993; 8: Markussen et al., 1994; 9: Perez, 1994; 10: Van Pelt et al., 1997; 11: Paul et al., 1998; 12: Bowen et al., 1999; 13: Payne et al., 1999; 14: Anthony et al., 2000; 15: Hoelzel, 2002; 16: Roby et al., 2003; 17: Trumble et al., 2003; 18: Sparling and Fedak, 2004; 19: Hardee, 2008; 20: Howard, 2009 ).
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Converted from mL O 2 consumed min -1 to watts by using a conversion factor of 20.1.
Bioenergetics Population Diet
Diet
Collection of scat samples Scat samples were collected at 23 sites that represented regional variation in habitat in the San Juan Islands from 2005 to 2008 as part of a larger harbor seal diet study conducted in the northern Puget Sound ( Fig. 1 ) (Lance et al., 2012) . Samples collected during seal breeding and nonbreeding seasons in 2007-08 were used in our study. Detailed scat sample processing, collection information, and analysis of frequency occurrence of prey items in harbor seal diet are summarized in Lance et al. (2012) . Briefl y, samples for the diet study were collected from harbor seal haul-out locations during daytime low tides, placed in plastic bags, and then frozen until they were processed. Scat samples were processed following Lance et al. 3 and Orr et al. (2003) . Otoliths were measured and graded according to the methods of . On otoliths that were graded as good (no or minimal erosion) and fair (small amount of erosion), the width and length were measured with an ocular micrometer. For our study, scat samples were pooled by seal breeding and nonbreeding seasons for further analyses.
Reconstruction of wet biomass To choose appropriate input values for diet in the model, a wet biomass reconstruction technique (Laake et al., 2002) was used to estimate the proportion by wet weight of prey items in harbor seal diet. This technique focuses on energetic content of seal diet, rather than on frequency of items in diet, by accounting for the number and size of prey consumed in a diet sample. The proportion of wet biomass of a prey item (π i ) in harbor seal diet was calculated by (Laake et al., 2002) :
where n i = the corrected number of items of prey item i; and w i = the average weight (in grams) of all prey items i.
The corrected number of "items" (n i , number of individuals in the sample) was calculated by applying a species-specifi c (or closest proxy) correction factor to account for otolith loss during digestion. We used otoliths to enumerate all species except Shiner Perch, for which we used the number of pharyngeal plates to derive a more reliable passage rate. We lacked otolithloss correction factors for herring (Clupeidae) and Walleye Pollock; therefore, we considered the correction factors for Pacifi c Sardine (Sardinops sagax) and Pacifi c Hake in Phillips and Harvey (2009) , respectively, to be reasonable proxies because these species are similar in size and structure (M. M. Lance, personal commun.). We used a Pink Salmon (Oncorhynchus gorbuscha) otolith-loss correction factor for all salmonids, a Shortbelly Rockfi sh (Sebastes jordani) correction factor for all rockfi sh species, and species-specifi c correction factors for Shiner Perch and Pacifi c Staghorn Sculpin (Leptocottus armatus) (Harvey, 1989; Phillips and Harvey, 2009 ).
Length correction factors were applied to measurements from otoliths scored as being in good or fair condition to account for otolith erosion during digestion. Corrected otolith lengths then were used to calculate the fi sh size with species-specifi c length-weight regressions (Harvey et al., 2000) . When we lacked speciesspecifi c correction factors or length-weight regressions, we used estimated body sizes of prey items.
Otoliths of juvenile and adult salmonids were distinguished on the basis of otolith and bone sizes. Otoliths that were graded in good enough condition to measure and reconstruct salmonid size were uncommon in scat samples; therefore, for salmonid adults that were not identifi ed to species, we used an approximate average size (1589 g) for Pink Salmon, the species most commonly consumed by harbor seals (Lance et al., 2012 ). An average estimated size of 35 g was used for all salmonid juveniles. We also lacked otolith-length correction factors for herring and Walleye Pollock; therefore, we used Pacifi c Sardine and Pacifi c Hake as proxies. The remaining length correction factors that we used were a Shortbelly Rockfi sh correction factor for all rockfi sh species, and species-specifi c correction factors for Shiner Perch and Pacifi c Staghorn Sculpin.
It should be noted that reconstruction was not possible for all species in the diet samples because of the diversity of harbor seal diet and lack of appropriate correction factors as noted previously and in Table 2 . Given the complexity of harbor seal diet and lack of reconstruction techniques for several species, we reconstructed the proportion in the sample only for prey species of conservation concern or for prey species whose frequency of occurrence was >5.0 in the broader study of harbor seal diet (Lance et al., 2012) . Our goal was to set a reasonable range of values for model input in addition to describing diet composition; therefore, we make here a distinction between diet sample results and the parameter values used in the model to calculate consumption. When there was great uncertainty in percent contribution by wet weight to harbor seal diet because of the use of proxy correction factors or omission of some species from biomass reconstruction, confi dence intervals were increased (see Model uncertainty and parameter estimation section).
Consumption rates
We calculated consumption (as biomass) for 5 key prey species or groups that are species of conservation concern or most common in harbor seal diet: her- Table 2 Wet biomass construction results for the most common (frequency of occurrence All prey with frequency of occurrence ≥5.0 are listed to illustrate which common species or groups were not reconstructed because of data limitations; rockfi sh species were not common but were included because of their conservation status. NA=no prey size reconstruction equation was available or prey were not identifi ed to species level; NP=not present in samples; est.=estimated size when no measurable otoliths were present or prey not identifi ed to species level.
Biomass reconstruction estimates for prey 
2
Includes all unidentifi ed clupeids.
3
No otolith length or otolith loss correction factor was available; these estimates should be treated with caution.
ring, salmonids, rockfi sh, Walleye Pollock, and Shiner Perch. Gross energy requirements were translated to consumption rates by applying the energetic density of prey to the proportion by wet weight of prey items in seal diet (Perez, 1994; Van Pelt et al., 1997; Paul et al., 1998; Payne et al., 1999; Anthony et al., 2000; Roby et al., 2003) . After biomass reconstruction, all species of adult and juvenile salmonids were combined into a "salmonid" complex. A "herring" complex represented Clupea pallasii and unidentifi ed clupeid species. There are 2 other clupeid species in the study area, but, because of their rareness, we assumed most species were C. pallasii (M.M. Lance, personal commun.). When prey were placed into broader taxonomic groups, we used the minimum and maximum values for energetic density reported for all prey sizes and ages in the literature to represent the prey group.
Model uncertainty and parameter estimation
Model variables described in Table 1 were randomly chosen during 1000 simulations from probability distributions to estimate uncertainty in all model outputs.
Where estimation of distribution parameters was not straightforward (e.g., lognormal), a maximum likelihood technique with the MASS package in R was used; this technique estimates the joint likelihood for distribution parameter values, given the seal body mass values for each sex-and-age class (Venables and Ripley, 2002) . We also made the following changes to diet results to adjust the uniform distribution parameters for percentage by wet weight of prey in diet. If we had set the minimum and maximum values for a uniform distribution for proportion in diet exactly as found in diet samples, it would have been uninformative (i.e., a range of 0-100 often occurred but would imply no prior knowledge of diet composition; Table 2 ). Therefore, zero values from diet samples were discarded and minimum values for herring and salmonids were set as calculated from the remaining diet samples. For Shiner Perch and Walleye Pollock, zero values also were discarded. The minimum possible value was assumed to be 1%, and the maximum value was set near the average calculated from diet samples. Harbor seal diet is diverse; therefore at least 20-30% of harbor seal diet was assumed to be made up of other species, and the maximum value possible for any prey species was set at 70-80% (the maximum value for nonbreeding season was set slightly lower because of increased diversity of diet). All model outputs are reported as means (±stan-dard deviation). Sensitivity analyses also were used to identify parameters with the most infl uence on model outputs by systematically allowing one parameter at a time to be chosen randomly while other variables were fi xed at their mean value(s). In this manner, any variation in the model outputs should be the direct result of variation in the parameter of interest (Shelton et al., 1997; Stenson et al., 1997; Winship et al., 2002) . The percentage of variance explained by a single variable was calculated as the variance of model outputs when single random variables were used and divided by the total variance when all variables were randomly chosen.
To estimate the effect of age structure on total prey consumption, we used different ratios of adults to subadults in 3 alternate model scenarios. We increased the number of adults in the population by 25%, 50%, and 100% and kept the total population size stable.
During the breeding season, adult harbor seals fast or reduce consumption (Bowen et al., 1992; Coltman et al., 1998) ; therefore, there may be a discrepancy between predicted energy requirements and timing of consumption during an annual cycle. Rather than use direct consumption, we addressed the effect of this discrepancy with a correction factor that accounted for energy obtained from burning body fat stores in the breeding season. We estimated the amount of energy consumed, stored as body fat, and later metabolized by adult seals with the same estimates of digestive efficiency and energy density of prey that were used in the overall consumption model.
Results
Fish consumption
There were 196 and 361 scat samples collected during the breeding and nonbreeding seasons, respectively. In these samples, 23 and 29 prey taxa were identifi ed during the breeding and nonbreeding seasons. Ten prey taxa were selected for reconstruction in this study; they had a frequency of occurrence ≥5.0 in the broader harbor seal diet study (Lance et al., 2012) or were species of conservation concern. Of these 10 taxa, 3 prey groups (unidentifi ed gadid, skate species, and American Shad [Alosa sapidissima]) could not be used because we had insuffi cient methods (e.g., lack of correction factors) to reconstruct their presence in seal diet. Of the remaining prey, herring comprised the vast majority of reconstructed samples: ≥80% of wet weight in both breeding and nonbreeding seasons. Salmonids composed 15% and 9% in the breeding and nonbreeding seasons, respectively (Table 2) . We were not able to identify rockfi sh otoliths to species in either season. In the breeding season, rockfi sh frequency of occurrence was 0.5% and therefore was assumed to contribute little in energetic terms to diet and was not further considered for calculation of consumption rates. Measurable otoliths were not found for rockfi sh species in the nonbreeding season; therefore, we were unable to determine species or size. During the nonbreeding season, rockfi sh frequency of occurrence was 1.4% (Lance et al., 2012) ; we set a hypothetical range for proportion of wet weight of rockfi sh in diet at 1.0-2.0%. Walleye Pollock and Shiner Perch constituted a relatively minor portion (averages 0.5-2.8%) of reconstructed diet (Table 2) .
During the seal breeding season, the average consumption for prey species calculated over 1000 simulations was 783 (±380) metric tons (t) of salmonids, 646 (±303) t of herring, 50 (±17) t of Walleye Pollock, and 22 (±4) t of Shiner Perch (Fig. 2) . Subadult seals of both sexes consumed the greatest proportion of the total biomass (approximately 30-40% each), followed by adult females (27%). Adult males consumed a relatively small proportion of total biomass compared with adult females and subadults, and their consumption was only slightly higher than the biomass consumed by pups of both sexes (each <10%).
During the nonbreeding season, consumption of herring and salmonids had the widest range of values; rockfish, Shiner Perch, and Walleye Pollock were less variable. The average consumption for prey species calculated over 1000 simulations was 84 (±26) t of rockfish, 675 (±388) t of salmonids, 2151 (±706) t of herring, 66 (±13) t of Walleye Pollock, and 86 (±22) t of Shiner Perch (Fig. 2) .
The per capita fish consumption rate predicted by the model was 2.1 kg day -1 seal -1 (annual average 2.9, 2.8, 2.0, 2.2, and 1.0 kg for adult females, adult males, subadult females, subadult males, and pups, respectively). As was evident during the breeding season, subadults (which included pups from the previous breeding season) of both sexes consumed the greatest proportion of the total biomass (approximately 30-45% each), followed by adult females (19%). Adult female consumption dropped slightly in the nonbreeding season. Adult males consumed the smallest proportion in the population (5%).
Sensitivity analyses and assessment of model uncertainty
Variation in seal body mass had the largest effect on energy use of the population and accounted for >80% of model variance in both seasons. Taken together, all bioenergetics variables (mass, growth rates, and activity) accounted for the majority of the variance in the simulation model. Fertility rates accounted for the next-greatest variance (7.3%) after body mass during the breeding season while population size contributed least (1.3%) to overall model variability (Fig. 3) .
Consumption estimates of salmonids and herring were most sensitive to estimates of proportion of prey in the diet and energy density of prey. Variation in consumption estimates was low when the heat increment of feeding and assimilation effi ciency parameters were varied within their estimated ranges. The variance in the nonbreeding season seen in the overall simulation model for both salmonids and herring was not well explained by any single prey variable (Fig. 4) .
We estimated that adult seals used approximately 1,100,000 MJ of fat stores during the breeding season. Assuming an average prey energy density of 4000 J g -1 , this use of energy was equivalent to consumption of 300 t or approximately 6% and 21% of annual and breeding-season energy use, respectively. Increasing the number of adult seals in the population led to a positive increase in population energy use, although at a relatively slow rate of increase: even when we doubled the number of adults in the population, energy use increased only by 7% (Fig. 5) . 
Discussion
The prey consumption model was quite sensitive to body mass: when body mass was varied +10% around the average, there was a corresponding +10% change in the energy use outcome. Body mass controls many physiological functions in organisms, and because massbased predictive relationships were used for metabolic rate, the sensitivity of the model to body mass was not entirely unexpected. By simply accounting for body size and number of harbor seals, the model captured the bulk of energy use in the population. In fact, omission of reproduction costs (lactation and gestation costs) did not affect estimates of nonbreeding season energy use and lowered breeding season estimates by approximately 10%.
Predicted per capita fi sh consumption of 2.1 kg day -1 seal -1 fell within the range estimated for the harbor seal populations in British Columbia, Canada, and Norway: 1.9 kg and 4 kg, respectively (Härkönen and Heide-Jørgensen, 1991; Olesiuk, 1993; Bjørge et al., 2002) . Despite their large body size, adult males were the least numerous sex-and-age class in the population-information that explained their low proportion of total population consumption when the population was considered as a unit. Consumption was for the most part proportional to the biomass of the total seal population; therefore, any change in total population size would correspond to a roughly equal percent change in estimated consumption. With this prediction, all other model variables were assumed to be similar among years, and this assumption seems reasonable given that the total population size has stabilized during the last decade 2 (Jeffries et al., 2003) . Nevertheless, at dramatically different population sizes, there may be different behavioral or population changes that would need to be taken into account (e.g., individual prey preferences, intraspecifi c competition, fertility rates, and mortality rates) to predict population consumption.
In contrast to the other population variables, only point estimates were used for mortality rates. The age structure of the harbor seal population used in the basic consumption model was heavily dominated by subadults, and the population structure was based on data from a time period when the harbor seal population was depressed. However, changing the age structure in our alternative model (see Appendix) caused relatively minor changes in the energy budget, especially compared with the sensitivity of the model to body mass. If the increase in population size since the 1970s has led to decreased juvenile survival rates, as is predicted to be the case for marine mammals (Fowler, 1981; Hiby and Harwood, 1985) , and adult seals are now more dominant in the population, overall consumption rates still should be similar to those that we predicted, at least at the adult to subadult ratios that were tested in alternate model versions.
For species, such as harbor seals, that use fat stores during fasting periods, inferring consumption directly from energetic requirements may be somewhat misleading. Harbor seals fast or reduce feeding rates for 2-6 weeks and can lose up to 33% of body mass during the breeding season (Bowen et al., 1992; Coltman et al., 1998). Pinnipeds increase feeding rates either immediately after the breeding season or before the next breeding season to regain fat stores (Beck et al., 2003) . In addition, there are seasonal changes in energy intake that occur in harbor seals and other pinnipeds (Schusterman and Gentry, 1971; Rosen and Renouf, 1998) . We addressed this discrepancy in timing of predicted energetic requirements and feeding through assessment of how much prey may be consumed by adult seals in the winter and spring and later used as fat stores. We found the amount to be a minor proportion of annual consumption but a more signifi cant portion of the breeding season estimates. Therefore, the effect of consumption in the breeding season may be reduced, and consumption during the winter may be higher than we predicted.
Bioenergetic variables (especially body mass) contributed most to sensitivity in calculations of energy requirements in this study. Other pinniped consumption models similarly have identified body mass and body-mass predicted energetic requirements as a signifi cant source of model variation (Mecenero et al., 2006; Chassot et al., 2009) . When the full consumption model was examined, the assumed proportion of each prey species in the diet had the largest effect on consumption outputs-a result that was also similar to other pinniped consumption models (Mohn and Bowen, 1996; Shelton et al., 1997; Mecenero et al., 2006; Overholtz and Link, 2007) , suggesting that future effort should be focused on refi ning the contribution of different prey to harbor seal diet. Genetic and molecular techniques increasingly are used to identify diet composition (Casper et al., 2007; Deagle and Tollit, 2007) . It is likely necessary to evaluate the diet of generalist marine predators with a combination of techniques, given that these techniques often yield different results and can answer different questions (Tollit et al., 2006) . The model described here can be used to test assumptions about the relative importance of salmonids and herring compared with other species in harbor seal diet as other data become available.
Estimates indicate that rockfi sh species constituted a relatively minor proportion of total consumption by harbor seals. There are more than 26 species of rockfi sh that occur in the inland waters of Washington State, and many species are listed as endangered by the state. Under the federal Endangered Species Act, 2 species are listed as threatened and 1 species is listed as endangered. The 2 most dominant species, Copper (Sebastes caurinus) and Quillback (S. maliger) Rockfi sh, for which abundance data are well documented, have both undergone serious declines and are considered vulnerable to extinction (Mills and Rawson, 2004) . For depressed species such as these, even small amounts of predation may be signifi cant. If we assume an average size of 1 kg for a rockfi sh in harbor seal diet (ignoring age-or species-size differences), harbor seals hypothetically consumed 84,000 rockfi sh individuals in 2007-08 in the San Juan Islands and eastern bays. However, to illustrate the importance of age or species preference by harbor seals, if we assume that harbor seals eat only Puget Sound Rockfi sh (S. emphaeus; the smallest of the rockfi sh at ~40 g), they could have consumed more than 2 million individuals, a number that presumably can affect the rockfi sh population. It seems clear that prey that constitute even a minor proportion of harbor seal diet may be affected by predation, if such predation increases their natural mortality rates. Therefore, harbor seal interactions with prey species of management concern merit further attention, and modeling prey vulnerability to predation will require a multidisciplinary approach.
Consumption estimates calculated in this study illustrate the energetic importance of herring and salmonids to harbor seals in the San Juan Islands and the importance of considering predation effects on prey groups from multiple perspectives. In this study, we contrasted high consumption rates of prey species (salmonids and herring) with less commonly consumed prey groups, such as rockfi sh, to illustrate the capacity of models to test assumptions in situations with high uncertainty in input values, such as percentage by wet weight of rockfi sh in seal diet. We provided evidence that the apparently minor contribution of rockfi sh biomass to harbor seal diet may nevertheless indicate that large numbers of individuals are being consumed, but the number consumed is highly dependent on the species and age of prey. Harbor seals consumed large amounts of the more commonly consumed species, such as herring, even at the lower estimated limits of consumption rates calculated in this study. Many herring stocks have undergone critical declines, and there is concern that pinniped predation may have increased the natural mortality rate of herring in some areas (Musick et al., 2000) , although it is acknowledged that there are likely many factors that contributed to the decline of herring (Stout et al., 2001) . Spawner biomass of herring for the northern Puget Sound, an index of population abundance, remained low through the study period, 4 (Lance et al., 2012) . Like herring populations, salmonid populations have undergone serious declines, and there is also concern that pinnipeds may affect salmonid recovery (NMFS, 1997; Wright et al., 2007) . Five species of salmonid occur in the study area and all have been documented in harbor seal diet. Chinook Salmon (Oncorhynchus tshawytscha) was the only salmonid species confi rmed by the scat samples of our study; however, Pink Salmon are the salmonid species most commonly consumed by harbor seals in the San Juan Islands (Lance et al., 2012) . Pink Salmon runs in the northern Puget Sound were relatively abundant during the study period, but abundance indices indicate Chinook Salmon remained at critically depressed levels through 2008. 5 Salmonid (Mantua et al., 1997) . We suggest that the overall high consumption rates of herring and salmonids (along with great uncertainty in these consumption rates) by harbor seals found in this study indicate that harbor seal consumption should be examined on broader spatial and historical scales to further explore the potential effect of harbor seal consumption on prey groups.
Conclusions
Harbor seals are a large-bodied and abundant predator whose consumption of depressed fi sh populations may confl ict with regional fi sh recovery goals. This study established baseline consumption estimates for major prey groups and highlighted the potential range of consumption for the most common minor prey groups in the San Juan Islands region. Although there was great uncertainty in quantitative diet composition of harbor seals, salmonids and herring clearly constituted the majority of biomass consumed during the study period. Rockfi sh, one of the fi sh groups for which marine reserves are being planned, were among the minor prey groups consumed. The relative importance of prey items in harbor seal diet can be tested with future diet data in a model framework that incorporates estimates of uncertainty, similar to the one used in this study. Relation of consumption rates to mortality rates for any of the depressed fi sh species will require a multidisciplinary approach because of the complexity of harbor seal diet.
In this study, we explored how changes in the age structure of the harbor seal population infl uenced consumption values and found age structure to have relatively little infl uence. However, more work is needed to establish the current age structure of the harbor seal population because it may have signifi cant implications for prediction of harbor seal body size, which strongly controlled model predictions. In further modeling exercises, the variables that most heavily infl uenced consumption values (body size of seals and quantitative diet composition) should be considered as some of the most important factors for prediction of consumption and food requirements of harbor seals in the study area.
